Edited by Paul E. Fraser SLC30A10 and SLC39A14 are manganese efflux and influx transporters, respectively. Loss-of-function mutations in genes encoding either transporter induce hereditary manganese toxicity. Patients have elevated manganese in the blood and brain and develop neurotoxicity. Liver manganese is increased in patients lacking SLC30A10 but not SLC39A14. These organspecific changes in manganese were recently recapitulated in knockout mice. Surprisingly, Slc30a10 knockouts also had elevated thyroid manganese and developed hypothyroidism. To determine the mechanisms of manganese-induced hypothyroidism and understand how SLC30A10 and SLC39A14 cooperatively mediate manganese detoxification, here we produced Slc39a14 single and Slc30a10/Slc39a14 double knockout mice and compared their phenotypes with that of Slc30a10 single knockouts. Compared with wild-type controls, Slc39a14 single and Slc30a10/Slc39a14 double knockouts had higher manganese levels in the blood and brain but not in the liver. In contrast, Slc30a10 single knockouts had elevated manganese levels in the liver as well as in the blood and brain. Furthermore, SLC30A10 and SLC39A14 localized to the canalicular and basolateral domains of polarized hepatic cells, respectively. Thus, transport activities of both SLC39A14 and SLC30A10 are required for hepatic manganese excretion. Compared with Slc30a10 single knockouts, Slc39a14 single and Slc30a10/Slc39a14 double knockouts had lower thyroid manganese levels and normal thyroid function. Moreover, intrathyroid thyroxine levels of Slc30a10 single knockouts were lower than those of controls. Thus, the hypothyroidism phenotype of Slc30a10 single knockouts is induced by elevated thyroid manganese, which blocks thyroxine production. These findings provide new insights into the mechanisms of manganese detoxification and manganeseinduced thyroid dysfunction.
SLC30A10 and SLC39A14 are manganese efflux and influx transporters, respectively. Loss-of-function mutations in genes encoding either transporter induce hereditary manganese toxicity. Patients have elevated manganese in the blood and brain and develop neurotoxicity. Liver manganese is increased in patients lacking SLC30A10 but not SLC39A14. These organspecific changes in manganese were recently recapitulated in knockout mice. Surprisingly, Slc30a10 knockouts also had elevated thyroid manganese and developed hypothyroidism. To determine the mechanisms of manganese-induced hypothyroidism and understand how SLC30A10 and SLC39A14 cooperatively mediate manganese detoxification, here we produced Slc39a14 single and Slc30a10/Slc39a14 double knockout mice and compared their phenotypes with that of Slc30a10 single knockouts. Compared with wild-type controls, Slc39a14 single and Slc30a10/Slc39a14 double knockouts had higher manganese levels in the blood and brain but not in the liver. In contrast, Slc30a10 single knockouts had elevated manganese levels in the liver as well as in the blood and brain. Furthermore, SLC30A10 and SLC39A14 localized to the canalicular and basolateral domains of polarized hepatic cells, respectively. Thus, transport activities of both SLC39A14 and SLC30A10 are required for hepatic manganese excretion. Compared with Slc30a10 single knockouts, Slc39a14 single and Slc30a10/Slc39a14 double knockouts had lower thyroid manganese levels and normal thyroid function. Moreover, intrathyroid thyroxine levels of Slc30a10 single knockouts were lower than those of controls. Thus, the hypothyroidism phenotype of Slc30a10 single knockouts is induced by elevated thyroid manganese, which blocks thyroxine production. These findings provide new insights into the mechanisms of manganese detoxification and manganeseinduced thyroid dysfunction.
Manganese is an essential metal that becomes toxic at elevated levels (1) . When systemic levels increase, the metal accumulates in the brain, particularly in the basal ganglia, and induces neurotoxicity (1) (2) (3) (4) . The primary manifestation of manganese toxicity in occupationally exposed adults is the onset of a parkinsonian-like movement disorder (1, 3, 4) . Recent epidemiological studies in human populations, along with assays in rodents, suggest that exposure to elevated manganese during early life induces behavioral, cognitive, and motor defects (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In addition to elevated exposure, manganese toxicity may also occur because of decreased excretion. Indeed, as manganese is primarily eliminated via bile, patients with defective liver function because of cirrhosis or other diseases fail to excrete manganese and may suffer from manganese neurotoxicity in the absence of exposure to elevated manganese (2) .
Over the last few years, two disorders of manganese metabolism that led to the retention of manganese in the body and induced neurotoxicity were discovered. In 2012, homozygous loss of function mutations in SLC30A10 were reported to increase manganese levels in the blood, brain, and liver and induce neurotoxicity (18 -21) . We recently reported that similar increases in blood, brain, and liver manganese occurred in Slc30a10 knockout mice (22) . At the cellular level, our work revealed that the WT SLC30A10 protein functioned as a cell surface-localized manganese efflux transporter that reduced intracellular manganese levels and protected against manganese toxicity (23, 24) . Disease-causing mutations blocked the intracellular trafficking and manganese efflux function of the transporter (23) , enhancing sensitivity to manganese toxicity.
Separately, in 2016, mutations in SLC39A14 (also called ZIP14) were also reported to increase manganese levels in the blood and brain (but not in the liver; see below) and induce neurotoxicity in humans (25) . Similar organ-specific changes in manganese levels were recently reported in Slc39a14 knockout mice (26, 27) . Prior studies identified SLC39A14 as an influx transporter with the capability to transport manganese, zinc, iron, and cadmium to the cytosol of cells (28 -33 cro ARTICLE levels were elevated in the blood and brain, but levels of iron, zinc, and cadmium in the blood were unaltered (25) . Additionally, transport assays in cells demonstrated that disease-causing mutations inhibited the capability of SLC39A14 to mediate manganese influx (25) . Overall, loss of the manganese transport capacity of SLC39A14 was implicated in increasing body manganese levels and inducing toxicity in patients harboring disease-causing mutations (25) .
The mechanism by which loss of function of either an efflux transporter, SLC30A10, or an influx transporter, SLC39A14, may increase blood and brain manganese levels may rely on their activities in the liver. A proposed model is that SLC39A14 may mediate the influx of manganese from blood into hepatocytes, and SLC30A10 may subsequently mediate the efflux of manganese into bile ( Fig. 1) (25) (26) (27) 34) . This model needs to be experimentally verified (part of this study) but is consistent with the observation that depletion of SLC30A10, but not SLC39A14, enhanced liver manganese and induced liver pathology in humans and mice (18 -22, 25-27) .
While working on Slc30a10 knockout mice, we made the completely unexpected discovery that these knockouts developed severe hypothyroidism (22) . After weaning, Slc30a10 knockout mice failed to thrive and died prematurely (ϳ6 -8 weeks of age) (22) . By 6 weeks of age, serum thyroxine levels of Slc30a10 knockouts were ϳ50 -80% lower than that of littermate controls, whereas serum thyroid-stimulating hormone levels were ϳ800 -1000-fold greater (22) . As thyroid hormone has profound effects on neurological function (35, 36) , the unanticipated phenotype of Slc30a10 knockouts raises the possibility that thyroid dysfunction may be an unappreciated but clinically relevant aspect of manganese toxicity. A direct implication is that elucidating the mechanisms of hypothyroidism is now an essential step in understanding the pathobiology of manganese-induced disease in humans.
To gain insights into the mechanisms that induce hypothyroidism in Slc30a10 knockouts and better comprehend the process by which SLC30A10 and SLC39A14 cooperatively regulate manganese homeostasis, we generated mice lacking both Slc30a10 and Slc39a14 (double knockouts) and compared their phenotype with mice lacking either Slc30a10 only or Slc39a14 only (single knockouts). Our results show that SLC39A14 and SLC30A10 act synergistically to mediate hepatic manganese detoxification and that the hypothyroidism phenotype of Slc30a10 single knockouts is a consequence of manganese-induced inhibition of thyroxine production in the thyroid. These findings provide important new insights into the mechanisms of manganese detoxification and induced thyroid dysfunction and enhance our understanding of the biology of manganese homeostasis and toxicity.
Results
Manganese levels are elevated in the blood and brain, but not liver, of Slc39a14 single and Slc30a10/Slc39a14 double knockouts
We demonstrated previously that manganese levels were elevated in the brain, pituitary, and thyroid of Slc30a10 single knockout mice (22) . Hypothyroidism may occur because of changes in the thyroid or secondary to those in the brain or pituitary (36) . Hypothyroidism because of pituitary dysfunction is generally associated with normal or decreased serum thyroidstimulating hormone levels (36) , but in Slc30a10 Ϫ/Ϫ mice, thyroid-stimulating hormone levels were profoundly elevated (22) , implying that pituitary function was not compromised. However, our previous work could not determine whether the thyroid dysfunction observed in Slc30a10 single knockouts occurred because of manganese-induced deficits in the brain or thyroid. To address this important question, the ideal experiment would have been to characterize a thyroid-specific Slc30a10 knockout. However, we did not detect Slc30a10 expression at the RNA level in the thyroid of wild-type mice (Fig. 2, A and C) , suggesting that elevations in thyroid manganese levels likely occurred secondary to increased blood manganese evident in this strain (22) , and raising doubts regarding whether a thyroid-specific knockout would provide meaningful data. Therefore, we instead sought to deplete a manganese importer that was expressed in the thyroid. We selected Slc39a14 for the reasons described below. Slc39a14 was robustly expressed in the mouse thyroid, albeit at a level lower than in the liver (Fig. 2, B and C) . This finding was consistent with a previous report (37) and suggested that Slc39a14 may play a role in importing manganese into the thyroid. We also rigorously validated the manganese influx capability of SLC39A14 in culture. Transfection of SLC39A14 WT enhanced the sensitivity of HeLa cells to manganese-induced death (Fig.  2, D and E) . This effect was reversed when SLC30A10 WT was co-transfected (Fig. 2E) . Compared with transfection control, intracellular manganese levels were greater in HeLa cells transfected with SLC39A14 WT but not in those co-transfected with SLC39A14 WT and SLC30A10 WT (Fig. 2F) . The levels of zinc, copper, and iron were comparable between transfection conditions (Fig. 2, G-I ), suggesting that SLC39A14 predominantly transported manganese in these cells. Note that prior work in cell culture, Caenorhabditis elegans, and mice demonstrated that SLC30A10 was a specific manganese transporter (22-24, 38, 39) . We verified that, after transfection, SLC39A14 WT and SLC30A10 WT were well-expressed and that, consistent with prior results (23, 24, 28, 30 -32, 40), both transporters robustly trafficked to the cell surface (Fig. 2, J and K) . The cell culture 
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data supported the idea that Slc39a14 may be important for the influx of manganese into thyroid cells. Finally, depletion of SLC39A14 in humans and mice was already reported to increase manganese levels in the blood and brain (25) (26) (27) . Changes in thyroid manganese were unknown, but the available data implied that SLC39A14 played a role in regulating manganese homeostasis at the organism level.
We recovered a previously described full-body, constitutive Slc39a14 single knockout strain using cryopreserved sperm available from the Mutant Mouse Regional Resource Center (see details under "Materials and methods") (41). We have recently described the generation of full-body, constitutive Slc30a10 single knockout mice (22) . We then generated mice lacking both Slc39a14 and Slc30a10 by crossing Slc39a14
and Slc30a10 ϩ/Ϫ mice and intercrossing progeny that were heterozygous for both genes (see details under "Materials and methods"). For most assays in this report, we used animals of five genotypes produced by our breeding strategy: littermate wild-type controls (Slc30a10
ϩ/ϩ ), and Slc30a10/Slc39a14 double knockouts (Slc30a10
Ϫ/Ϫ ). All mutant animals were produced at expected Mendelian ratios. We routinely genotyped animals by performing PCR from genomic DNA extracted from tail snips using gene-specific primers to amplify A-C, 6-week-old wild-type mice were euthanized using carbon dioxide. RNA was extracted from tissues. After this, samples were used to quantify mRNA levels using quantitative real-time reverse transcription PCR analyses (A and B; normalized mRNA levels of Slc30a10 or Slc39a14 in brain were expressed as 1) or processed for reverse transcription PCR (C) (mean Ϯ S.E.; n ϭ 3 animals). D, HeLa cells were treated with indicated amounts of manganese for 16 h, and viability was assessed as described under "Materials and methods." Viability of cells treated with 0 M manganese was set to 100 (mean Ϯ S.E.; n ϭ 3; *, p Ͻ 0.05 for the difference between 0 M manganese and other groups using one-way ANOVA and Dunnett's post hoc test). E, HeLa cells were transfected with indicated constructs. One day post-transfection, cultures were treated with 0 or 500 M manganese for 16 h. Viability was then assessed. For each transfection condition, viability without manganese treatment was independently normalized to 100 and used to calculate relative viability after manganese exposure (mean Ϯ S.E.; n ϭ 3-5/transfection condition; *, p Ͻ 0.05 using one-way ANOVA and Tukey-Kramer post hoc test, with a, b, and c indicating differences in comparison with cells transfected with control, SLC39A14, or SLC39A14 and SLC30A10 constructs, respectively). F-I, HeLa cells were transfected with indicated constructs. As described under "Materials and methods," the control construct coded for Rab5-GFP. After 24 h, cultures were exposed to 125 M manganese for 16 h. Cells were then collected, and absolute amounts of intracellular manganese (F), zinc (G), copper (H), and iron (I) were measured using inductively coupled plasma mass spectrometry (mean Ϯ S.E.; n ϭ 4/transfection condition; *, p Ͻ 0.05 using one-way ANOVA and Tukey-Kramer post hoc test, with a, b, and c indicating differences in comparison with cells transfected with control, SLC39A14, or SLC39A14 and SLC30A10 constructs, respectively). J, HeLa cells were transfected with GFP-Rab5 (used as a control), GFP-SLC39A14 WT, or GFP-SLC39A14 WT and FLAG-SLC30A10 WT . Two days after transfection, samples were processed for immunoblot analyses to detect GFP, FLAG, and tubulin. K, HeLa cells were co-transfected with GFP-SLC39A14 WT and FLAG-SLC30A10 WT . After 48 h, immunofluorescence analyses were performed to detect GFP and FLAG. Scale bar ϭ 20 m. L, mice of indicated genotypes were euthanized at 6 weeks of age. Samples of the liver were processed for reverse transcription PCR analyses.
either the wild-type or knockout allele (see details under "Materials and methods"). To validate the genotype, we performed RT-PCR analyses on liver samples; both SLC39A14 and SLC30A10 were strongly expressed in the liver (Fig. 2, A 
-C).
RT-PCR confirmed that Slc39a14 single and Slc30a10 single knockouts exhibited loss of SLC39A14 or SLC30A10 mRNA, respectively, whereas Slc30a10/Slc39a14 double knockouts exhibited loss of both gene products (Fig. 2L) .
As the first experimental step in mice for this study, we analyzed metal levels in the blood, brain, and liver of 6-week-old animals. This time point was ideal because manganese toxicity led to premature death in Slc30a10 single knockouts at ages beyond 6 weeks, and we previously analyzed a large cohort of Slc30a10 single knockouts at this age (22) , permitting direct comparisons between current and prior data. Additionally, our initial focus was on the blood, brain, and liver instead of the thyroid, for two reasons. First, this approach would allow us to recapitulate recently reported changes in manganese levels in these tissues in the single knockouts (22, 26, 27) and ensure that unexpected phenotypic alterations did not occur in the mutants used here. Second, we anticipated that the double knockouts would have lower liver and thyroid manganese than Slc30a10 single knockouts. Validation of this prediction in the liver would provide confidence in pursuing more challenging analyses of the thyroid gland.
In Slc39a14 single knockouts, blood and brain manganese levels were ϳ15-20-fold higher than in wild types (Fig. 3, A and  B) . Compared with Slc30a10 single knockouts, blood and brain manganese levels of Slc39a14 single knockouts were ϳ40 -50% lower (Fig. 3, A and B ). Blood and brain manganese levels of the double knockouts were ϳ80-fold higher than those of wild types and significantly greater than those of either single knockout (Fig. 3, A and B) . Importantly, unlike Slc30a10 single knockouts, there was no increase in liver manganese in Slc39a14 single and Slc30a10/Slc39a14 double knockouts (Fig. 3C) . In all tissues, manganese levels were comparable between wild-type and Slc39a14 heterozygous mice (Fig. 3, A-C) . Although some genotype-specific changes in levels of iron, copper, or zinc were 
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observed, compared with manganese, these were relatively minor (Fig. 3, D-L) ; these changes were likely secondary to those observed with manganese. Thus, loss of Slc39a14 inhibits the elevation in liver manganese levels otherwise evident in mice lacking Slc30a10.
In polarized hepatic cells, SLC39A14 localizes to the basolateral aspect, whereas SLC30A10 localizes to the canalicular domain
The tissue metal analyses provided experimental data consistent with the model that SLC39A14 imports manganese into hepatocytes, which is then excreted by SLC30A10 (Fig. 1) . Hepatocytes are polarized cells that usually import metals and other solutes from their basolateral aspect, which interfaces with blood in the portal circulation (Fig. 1) . Subsequently, intrahepatic metals are transported through the canalicular/apical domain into bile for excretion (Fig. 1) . Thus, the above model predicts that SLC39A14 must localize to the basolateral aspect of hepatocytes, and SLC30A10 must localize to the apical/ canalicular domain (Fig. 1) . Given the clarity of the data from the double knockout, we felt it was important to test this prediction before working on the thyroid. For these assays, we used polarized HepG2 cells. SLC30A10 WT overlapped with the canalicular marker MDR1 (Fig. 4A) . As control, we verified that the disease-causing mutant, SLC30A10 ⌬105-107 , failed to traffic to the cell surface and, instead, exhibited a reticular intracellular localization suggestive of retention in the endoplasmic reticulum (Fig. 4A) , consistent with our prior results in other cell types (23) . It was important to detect localization of endogenous SLC30A10 as well. For this, we generated a custom antibody against the C terminus of the human protein and observed that endogenous SLC30A10 overlapped with another canalicular marker, MRP2 (Fig. 4B) . Thus, SLC30A10 localizes to the canalicular domain of polarized hepatic cells. SLC39A14 WT was also targeted to the plasma membrane, but it did not overlap with either the canalicular marker MRP2 or endogenous SLC30A10 (Fig. 4, C and D) , implying that SLC39A14 localized to the basolateral domain. This observation was consistent with a prior report that localized SLC39A14 to the basolateral aspect of hepatocytes in rat liver sections (40) . Thus, SLC39A14 and SLC30A10 localize to the basolateral and apical domains of polarized hepatic cells, respectively. Put together, results of Figs. 3 and 4 suggest that SLC39A14 and SLC30A10 act synergistically to mediate hepatic manganese homeostasis and detoxification.
Slc39a14 single knockouts and Slc30a10/Slc39a14 double knockouts are euthyroid
Having observed that depletion of Slc39a14 rescued elevated liver manganese levels in Slc30a10 Ϫ/Ϫ mice, we sought to determine whether loss of Slc39a14 also rescued the thyroid dysfunction seen in mice lacking Slc30a10. Consistent with our recent report (22) , thyroid manganese levels of Slc30a10 single knockouts were substantially (ϳ20-fold) higher than those of wild types (Fig. 5A) . Importantly, although manganese levels in the thyroid of Slc39a14 single and Slc30a10/Slc39a14 double knockouts were also greater than those of wild types, these levels were significantly lower than those of Slc30a10 single knockouts (ϳ75% lower for Slc39a14 single and ϳ50% lower for double knockouts) (Fig. 5A ). There was a minor increase in iron levels in Slc30a10 single knockouts (only ϳ1-fold; this was likely secondary to alterations in manganese) and no genotypespecific changes in the levels of copper or zinc (Fig. 5, B-D) . Put together, compared with Slc30a10 single knockouts, blood and brain manganese levels of Slc30a10/Slc39a14 double knockouts were higher (Fig. 3, A and B) , whereas thyroid manganese levels were lower (Fig. 5A) . In other words, there was a specific decrease in thyroid manganese levels in the double knockout mice, implying that these animals could be used to test the hypothesis that direct manganese toxicity in the thyroid induced hypothyroidism in Slc30a10 single knockouts. We included Slc39a14 single knockouts in the analyses of thyroid function as well because blood, brain, and thyroid manganese levels of these animals were higher than those of wild types but lower than those of Slc30a10 single or Slc30a10/Slc39a14 double knockouts (Figs. 3, A and B, and 5A ). The prediction was that if a reduction in thyroid manganese protected the double knockouts against the onset of hypothyroidism, then the 
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Slc39a14 single knockouts should also be protected. Serum thyroxine levels of Slc30a10 single knockouts were ϳ50% lower than those of wild-type controls (Fig. 6A) , consistent with our previous report (22) . In contrast, serum thyroxine levels of Slc39a14 single and Slc30a10/Slc39a14 double knockout strains were comparable with those of wild types (Fig. 6A) . Moreover, serum levels of thyroid-stimulating hormone as well as other anterior pituitary hormones tested were comparable between wild types and Slc39a14 single or Slc30a10/Slc39a14 double knockout strains (Fig. 6, B-F) . Finally, histological analyses confirmed that, consistent with our previous report (22) , in the thyroid of Slc30a10 single knockouts, there was evidence of a decrease in colloid and diffuse hypertrophy of follicular cells (Fig. 6G) . These changes were not detected in wild-type, Slc39a14 single, or Slc30a10/Slc39a14 double knockout mice (Fig. 6G) . Thus, although Slc30a10 single knockouts suffer from hypothyroidism, Slc39a14 single and Slc30a10/Slc39a14 double knockouts do not. Overall, results of the metal and hormone measurement assays (Figs. 3, 5 , and 6) put together indicate that direct manganese toxicity in the thyroid gland induces the hypothyroidism phenotype of Slc30a10 single knockout mice.
Interestingly, the thyroid of the double knockouts showed some follicle-to-follicle variability in height of the epithelium and density of colloid, which was not evident in Slc39a14 single knockout or wild-type mice (Fig. 6G) . Notably, thyroid manganese levels of the double knockouts were higher than those of Slc39a14 single knockouts but lower than those of Slc30a10 single knockouts (Fig. 5A) . It may be that the amount of manganese that accumulated in the thyroid of the double knockouts was sufficient to induce some tissue alterations but not to produce hypothyroidism.
Intrathyroid thyroxine production is deficient in Slc30a10 single knockouts
Thyroxine is produced in the thyroid gland by iodination and subsequent proteolytic cleavage of thyroglobulin protein (35, 36) . Intrathyroid thyroxine is then secreted into the blood (35, 36) . Inhibition of thyroxine production was a possible mechanism by which elevated thyroid manganese could induce hypothyroidism in Slc30a10 Ϫ/Ϫ mice. To test this hypothesis, we extracted thyroxine from thyroid glands of wild-type or Slc30a10 single knockouts and compared levels. Importantly, compared with wild types, levels of intrathyroid thyroxine of Slc30a10 single knockout mice were significantly lower (Fig.  7A ). In the same animals, serum thyroxine levels of Slc30a10 single knockouts were also significantly lower (Fig. 7B) . Furthermore, on a per-animal basis, there was a strong correlation between intrathyroid and serum thyroxine levels (Fig. 7C) . That is, mice with lower intrathyroid thyroxine also had lower serum thyroxine (Fig. 7C) . In sum, our results indicate that, in Slc30a10 single knockouts, manganese toxicity in the thyroid inhibits thyroxine production, which decreases serum thyroxine levels and induces hypothyroidism.
Discussion
Our results imply that hypothyroidism in Slc30a10 single knockouts occurs because of direct manganese-dependent injury to the thyroid gland and not as a consequence of manganese-induced damage to another organ, such as the brain. The mechanism is a profound deficiency in intrathyroid thyroxine production. Further support for the role of manganese toxicity in inducing hypothyroidism in Slc30a10 knockouts comes from our previously published finding that a low-manganese diet reduced body manganese levels and rescued thyroid dysfunction (22) . Our work sets the stage for future studies to determine the precise step in thyroxine biosynthesis that is impacted by manganese. As an example, manganese may affect the function of transporters required for iodide import. Indeed, a study in rodents demonstrated that there was a reduction in the uptake of iodide into the thyroid of rats treated with manganese (42) . Alternatively, elevated cellular manganese impacts intracellular trafficking (43) (44) (45) (46) . Therefore, during manganese toxicity, trafficking of thyroglobulin between thyroid epithelial cells and the follicular lumen, which is required for thyroxine production (35, 36) , may be compromised. Additionally, coupling of iodine to thyroglobulin is dependent on activity of the heme-containing enzyme thyroid peroxidase (35, 36, 47) , and mismetallation of this peroxidase may inhibit thyroxine production.
Slc39a14 single knockouts and Slc30a10/Slc39a14 double knockouts were euthyroid, although their thyroid manganese levels were greater than those of wild types. Therefore, a related implication of our findings is that manganese levels in the thyroid need to increase beyond a threshold before thyroid dysfunction becomes evident. The euthyroid status of mice lacking Slc39a14 suggests that these animals may be useful to study the 
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neurotoxic effects of manganese in the absence of thyroid dysfunction.
The discovery that Slc30a10 knockout mice develop hypothyroidism suggests that thyroid dysfunction may be an unappreciated facet of manganese toxicity that contributes to the neurological symptoms evident in the disease. Literature on the relationship between thyroid biology and manganese toxicity is quite limited, but a few prior studies support this idea. In humans, an association between occupational exposure to elevated manganese and changes in serum thyroxine and thyroidstimulating hormone levels was reported in one study (48) . Levels of plasma manganese were elevated in individuals with goiter in another study (49) . In rodents, administration of manganese was reported to reduce serum levels of thyroxine or induce goiter (42, 50, 51) . Thus, there is precedent for our discovery of manganese-induced thyroid defects in Slc30a10 knockout mice. Moreover, thyroid hormone plays a major role in neural development, and hypothyroidism in early life may 
produce defects in cognition, learning, attentional, and intellectual capabilities (35, 36, 52) . Interestingly, similar neurological deficits are reported in human and rodent studies of early-life manganese exposure (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Thus, it is also possible that thyroid dysfunction may enhance the neurological deficits observed during manganese toxicity. Mice lacking Slc30a10 and/or Slc39a14 may be useful models to study the relationship between thyroid function and manganese-induced neurotoxicity. A positive result in rodent assays may provide justification for conducting well controlled epidemiological studies to elucidate the relationships between thyroid function, manganese exposure, and neurological deficits in humans and, subsequently, for performance of clinical trials to determine whether thyroxine supplementation protects.
Compared with wild-type controls, liver manganese levels of Slc30a10 single knockouts were elevated whereas those of Slc39a14 single and Slc30a10/Slc39a14 double knockouts were not. These results are consistent with findings in human patients harboring loss-of-function mutations in SLC39A14 or SLC30A10 and with recent publications on Slc30a10 and Slc39a14 single knockouts (18 -22, 25-27) . The available evidence indicates that SLC39A14 is obligatorily required for the influx of manganese from blood into hepatocytes, and SLC30A10 is obligatorily required for the efflux of manganese from hepatocytes to bile (Fig. 1) .
Other transporters in the SLC30 family mediate zinc efflux (53-55), and SLC30A10 was initially thought to be a zinc transporter (56) . However, recent work by us and others shows that SLC30A10 primarily mediates manganese but not zinc efflux (20, 22-24, 34, 38, 39, 57) . Important pieces of evidence that led to the above conclusion came from our studies showing that, in cell culture, overexpression of SLC30A10 reduced intracellular manganese levels and protected against manganese toxicity but did not impact zinc levels or toxicity (23, 24) ; in C. elegans, overexpression of SLC30A10 protected against manganese but not zinc toxicity (23, 38) , and in Slc30a10 Ϫ/Ϫ mice, levels of tissue manganese, but not zinc, were elevated (22) . The lack of elevation in tissue zinc levels in the current cohort of Slc30a10 Ϫ/Ϫ mice is consistent with our prior findings. We also reported that the putative metal-binding site within the transmembrane domain of SLC30A10 differed from that of related zinc transporters (24); such differences may underlie the transport specificity of SLC30A10.
Unlike SLC30A10, prior studies indicate that, in cell culture, SLC39A14 has the capacity to transport zinc, iron, and cadmium in addition to manganese (28 -33) . However, we discovered that, in HeLa cells, SLC39A14 robustly transported manganese but not zinc or iron. Cell type-specific differences in the capability of SLC39A14 to transport metals other than manganese may depend on the differential expression of metal transporters in different cells. Importantly, in human patients with mutations in SLC39A14, only manganese levels were elevated (25) . Additionally, recent studies on Slc39a14 Ϫ/Ϫ mice (26, 27 ) and this work revealed that knockouts primarily accumulated manganese. Thus, at the organism level, the primary function of SLC39A14 appears to be to mediate transport and regulate homeostasis of manganese.
Interestingly, brain manganese levels of Slc39a14 single knockouts were ϳ15-fold greater than those of wild types, suggesting that Slc39a14 is not required for the influx of manganese into neuronal cells. So far, the identity of transporters that specifically mediate the influx of manganese into neuronal and glial cells is unclear. Interestingly, the double knockouts had higher brain manganese than Slc30a10 single knockouts. It is possible that depletion of both Slc30a10 and Slc39a14 has a more profound effect on increasing the body burden of manganese than depletion of either transporter by itself. This idea is consistent with the observation that blood manganese levels of the double knockouts were greater than those of either single knockout. It is also possible that the activity of Slc30a10 in the brain plays a role in reducing manganese levels in the central nervous system. Overall, clinical and animal studies on SLC30A10 and SLC39A14 (18 -22, 25-27) , as well as on another manganese transporter named SLC39A8 (also called ZIP8; loss of function of SLC39A8 induces manganese deficiency (58 -60)), suggest that there are important differences in the mechanisms by which different organs regulate manganese homeostasis. Careful characterization of organ-specific knockouts of these transporters is essential to better understand the mode of regulation of manganese homeostasis at the wholeanimal level.
In conclusion, activities of Slc39a14 and Slc30a10 are required for the excretion of manganese by the liver, and hypothyroidism in Slc30a10 single knockout mice occurs because of manganese-induced inhibition in thyroxine production.
Materials and methods

Animal experiments
All experiments with mice were approved by the Institutional Animal Care and Use Committee of the University of Texas at Austin. We recently described the generation of fullbody, constitutive Slc30a10 single knockouts (22) . Full-body, constitutive Slc39a14 knockout mice in which coding exons 1-3 of Slc39a14 are deleted have been described previously (41) . Cryopreserved sperm for Slc39a14 ϩ/Ϫ males (B6;129S5-Slc39a14 tm1Lex /Mmucd) was obtained from the Mutant Mouse Regional Resource Center, a National Institutes of Healthfunded strain repository, and was donated to the Mutant Mouse Regional Resource Center by Lexicon Genetics Inc. The strain was recovered by in vitro fertilization (61) at the Mouse Genetic Engineering Facility of the University of Texas at Austin. Heterozygous Slc39a14 ϩ/Ϫ animals were crossed to obtain Slc39a14 Ϫ/Ϫ single knockouts. To generate Slc30a10/ Slc39a14 double knockouts, animals heterozygous for knockout of Slc30a10 or Slc39a14 were crossed to obtain mice that were heterozygous for knockout of both genes. These double heterozygous animals were then intercrossed to obtain the double knockout. Mice were housed in the specific pathogen-free facility of the University of Texas at Austin in a room maintained at ϳ21°C with a 12-h light-dark cycle (lights on between 7 p.m. and 7 a.m.). Animals were weaned at 21 days of age. After weaning, three to four littermates of the same sex were kept per cage. Animals had free access to food and water and were fed
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PicoLab Rodent Diet 20, which contains ϳ84 g of manganese/g of chow.
Genotyping
Animals were genotyped by performing PCR from genomic DNA extracted from tail snips. Primers and PCR conditions used to amplify Slc30a10 alleles were identical to those described by us recently (22) . Primers used to amplify Slc39a14 alleles were as follows: for the wild-type allele, 5Ј TCA TGG ACC GCT ATG GAA AG 3Ј and 5Ј GTG TCC AGC GGT ATC AAC AGA GAG 3Ј; for the knockout allele, 5Ј GCA GCG CAT CGC CTT CTA TC 3Ј and 5Ј TGC CTG GCA CAT AGA ATG C 3Ј. PCR was performed using a touch-down cycling protocol; for the first cycle, annealing was at 65°C, for the next nine cycles, the annealing temperature was reduced by 1°C per cycle, and for the subsequent 30 cycles, annealing was at 55°C. In each cycle, denaturation was at 94°C for 15 s, and elongation was at 72°C for 40 s. This PCR produced one band of ϳ160 base pairs for the wild-type and one band of ϳ470 base pairs for the knockout allele. Techniques and reagents used to extract genomic DNA and perform PCR were described previously (22) .
Reverse transcription PCR
Mice were euthanized using carbon dioxide. Tissues were isolated and processed as described previously (22, 23) . PCR primers and conditions used to amplify Slc30a10 gene product were also described previously (22) . Primers used to amplify the Slc39a14 gene product were as follows: 5Ј AAG TCC CTG CTC GAC CAC 3Ј and 5Ј CTG GGA ATC CAG CTG CTG 3Ј. PCR conditions were as follows: 30 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 30 s.
Quantitative real-time reverse transcription PCR
Mice were euthanized using carbon dioxide. Further processing was performed as described previously (22, 23) . Primers for amplifying Slc30a10 and 18S gene products were described previously (22) and were as described above for the Slc39a14 gene product. Transcript levels were quantified using the ⌬⌬C T method; 18S was the internal control (62) .
Metal and serum hormone measurements and histology analyses using mouse samples
These were performed exactly as described by us recently (22) .
Intrathyroid thyroxine measurements
Thyroid was harvested from mice euthanized using carbon dioxide, as described by us recently (22) . After this, per animal, one lobe of the thyroid was resuspended in 500 l of homogenizing buffer (50 mM each of sodium barbital (pH 8.6), sodium azide, and EDTA). Samples were sonicated (2 pulses of 20 s each) and centrifuged at 3000 ϫ g for 10 min at 4°C, and the supernatant, which was the homogenate, was used for digestion and extraction of thyroxine. For this, 150 l of digestion buffer (100 mM Tris-Cl (pH 8.8), 0.625 mg/ml Pronase, and 2.45 mM 2-thiouracil) was added to 150 l of homogenate. To this mixture, 15 l of toluene was added. The solution was vortexed and then incubated for 48 h in a water bath kept at 37°C. Finally, samples were boiled for 2 min to inactivate the protease, and thyroxine levels were measured using the AccuDiag T4 ELISA kit (Diagnostic Automation/Cortex Diagnostics, Inc., Woodland Hills, CA), as described by us recently for serum samples (22) . To ensure that readings were within the standard curve, samples were diluted 2-to 4-fold using toluene-supplemented digestion buffer that lacked Pronase. ELISA readings (in ng/ml) were used to calculate total thyroxine per thyroid lobe (in nanograms), which was divided by the weight of the thyroid lobe to obtain thyroxine levels in units of nanograms of thyroxine per milligram of thyroid.
Cell culture assays: Plasmids and antibodies
We previously described FLAG-SLC30A10 WT , FLAG-SLC30A10 ⌬105-107 , and GFP-Rab5 (used as a control) constructs (23, 24) . To generate a plasmid coding for SLC39A14 WT , we produced complementary DNA from RNA extracted from HepG2 cells, amplified SLC39A14 by using 5Ј GTC GGT ACC ATG AAG CTG CTG CTG CTG CAC 3Ј and 5Ј-CGC GGA TCC CCC AAT CTG GAT CTG TCC TGA ATA C 3Ј primers, cleaved the PCR product using KpnI and BamHI enzymes, and ligated the cleaved product into pEGFP-N3 vector. To generate a custom antibody against SLC30A10, we purified the C-terminal domain of human SLC30A10 (residues 308 -485) along with an N-terminal glutathione S-transferase tag. Protein purification was performed as described by us previously (45, 46) . A rabbit polyclonal antibody against this immunogen was generated using the services of Covance Biologicals. Antibodies against the bile canalicular marker MRP2, FLAG epitope, and tubulin have been described by us previously (23, 24, 63) . Rabbit polyclonal antibody against GFP was from Clontech.
Cell culture assays: HeLa cells
Detailed methodologies for growth, transfection, treatment with manganese (as manganese chloride), viability assessment using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide reagent, intracellular metal measurements, immunoblot analyses, and immunofluorescence microscopy are provided in Refs. 23, 24, and 64. These techniques were performed exactly as described previously (23, 24, 64) .
Cell culture assays: HepG2 cells
Wild-type HepG2 cells or those stably overexpressing the canalicular marker MDR1-GFP were grown, polarized, transfected, and imaged as described previously (63, 65) .
Statistical analyses
Animal numbers are provided in the figure legends. Comparisons between multiple groups were performed using one-way ANOVA 2 and appropriate post hoc tests. Comparisons between two groups were performed using Student's t test. The Prism 6 software (GraphPad, La Jolla, CA) was used. p Ͻ 0.05 2 The abbreviation used is: ANOVA, analysis of variance.
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was considered to be significant. Asterisks in graphs denote statistically significant differences.
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